Mammalian circadian rhythms are regulated by the suprachiasmatic nucleus (SCN), and current dogma holds that the SCN is required for the expression of circadian rhythms in peripheral tissues. Using a PERIOD2::LUCIFERASE fusion protein as a real-time reporter of circadian dynamics in mice, we report that, contrary to previous work, peripheral tissues are capable of self-sustained circadian oscillations for >20 cycles in isolation. In addition, peripheral organs expressed tissue-specific differences in circadian period and phase. Surprisingly, lesions of the SCN in mPer2 Luciferase knockin mice did not abolish circadian rhythms in peripheral tissues, but instead caused phase desynchrony among the tissues of individual animals and from animal to animal. These results demonstrate that peripheral tissues express self-sustained, rather than damped, circadian oscillations and suggest the existence of organ-specific synchronizers of circadian rhythms at the cell and tissue level.
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I
n mammals, a circadian pacemaker located in the suprachiasmatic nucleus (SCN) of the anterior hypothalamus rests at the top of a circadian hierarchy to drive circadian rhythms of behavior and activity at the organismal level (1) (2) (3) (4) . In multicellular organisms, it has become clear that, in addition to circadian pacemakers located in the CNS, there are oscillators in peripheral tissues (5) (6) (7) (8) . Perhaps the most compelling example is the discovery that Rat-1 fibroblasts are capable of circadian gene expression after serum stimulation (9) . Currently, a wide range of peripheral tissues has been shown to have some capacity for circadian oscillations; however, in all such cases, there appears to be a dichotomy between the SCN and peripheral oscillators. The SCN can express persistent, self-sustained oscillations (Ͼ30 cycles in isolation), whereas peripheral rhythms damp out after two to seven cycles (7) . This finding has led to a widely accepted hierarchical model of the mammalian circadian system in which the SCN acts as a pacemaker, independently able to both generate and sustain its own circadian oscillations, and necessary to drive circadian oscillations in peripheral cells of neural and non-neural origin (4, 7, 8, 10) . Consistent with this model is the observation that peak expression of core circadian genes in peripheral tissues is phase-delayed by 3-9 h relative to their maximal expression in the SCN, suggesting that the SCN phase leads and drives the peripheral circadian rhythms (11) (12) (13) . Furthermore, in the absence of the SCN, whether by lesioning this structure in the living animal or ex vivo culturing of peripheral tissues, rhythms in circadian gene expression damp after two to seven cycles (7, 14, 15) .
To address whether the persistence of circadian rhythms differs in peripheral tissues as compared to the SCN, we have used the mouse Period2 (mPer2) locus to create a real-time gene expression reporter of circadian dynamics. Here, we report the generation of mPer2 Luciferase (mPer2
Luc

) knockin mice in which a
Luc gene is fused in-frame to the 3Ј end of the endogenous mPer2 gene. Previous work from a number of laboratories using the mPer1 (rather than the mPer2) locus has shown that the SCN expresses persistent circadian rhythms in reporter gene activity, whereas peripheral organs fail to do so (7, (16) (17) (18) . In contrast, in mPer2 Luc mice, we find that both SCN and peripheral tissues in explant cultures show robust and self-sustained circadian rhythms for at least 20 days. Furthermore, in SCN-lesioned mPer2 Luc mice, we observe a persistent circadian oscillation in bioluminescence in peripheral tissues, yet from tissue to tissue within each animal and among animals, a gradual loss of phase coordination develops. These results demonstrate that peripheral tissues contain self-sustained circadian oscillators that are as robust as those found in the SCN. Furthermore, the long-term persistence of the oscillations suggests the existence of previously unrecognized synchronizing mechanisms in peripheral organs.
following primers: (forward) 5Ј-GTCCTCCGGTGTTTTAG-GATTT-3Ј and (reverse) 5Ј-GGTGCATGAAATAATGGGG-TAG-3Ј. These and all subsequent primers were synthesized by Integrated DNA Technologies (Coralville, IA). Probes were labeled with [␣- 32 P]dCTP (6,000 Ci͞mmol, NEN Research Products) by using the Megaprime DNA Labeling System (Amersham Pharmacia). Targeted ES cell clones were injected into C57BL͞6J blastocysts and transferred to pseudopregnant C57BL͞6J female recipients. Resulting male chimeras were bred with C57BL͞6J females. Germ-line transmission was confirmed by agouti coat color and Southern analysis using the 3Ј mPer2 probe described above (Fig. 1A) . F 1 and F 2 offspring from an F 1 intercross were used for all subsequent experiments. To distinguish between heterozygous and homozygous knockin animals, PCR genotyping was performed by using 5Ј-CTGTGTTTACT-GCGAGAGT-3Ј (P1) and 5Ј-GGGTCCATGTGAT TA-GAAAC-3Ј (P2) as WT allele detection primers and 5Ј-TAAAACCGGGAGGTAGATGAGA-3Ј (P3) as a reverse primer with P1 for the Luc knockin allele detection (Fig. 1C) . The P2 region is deleted in the targeted allele. PCR was performed on tail genomic DNA for 35 cycles of 95°C at 1 min, 55°C at 1 min, and 72°C at 1 min using AmpliTaq DNA polymerase (Applied Biosystems). For Northern analysis, commercially available reagents were used (RNAqueous Kit and NorthernMax Reagents, Ambion, Austin, TX) following the manufacturer's protocols. Total RNA was isolated from whole mouse brain, and DNA probes were generated from C57BL͞6J mPer2 cDNA. For Western blot analysis, kidney tissues were removed at ZT12, ZT16, and ZT20 from mPer2 Luc homozygous, heterozygous, and WT littermates, dissected, and frozen on dry ice. Tissues were homogenized at 4°C in 3 vol of lysis buffer (0.4 M NaCl͞20 mM Hepes, pH 7.5͞1 mM EDTA͞1 mM DTT͞0.3% Triton X-100͞0.25 mM PMSF͞10 mg/ml aprotinin͞5 mg/ml leupeptin͞1 mg/ml pepstatin A). Homogenates were cleared by centrifugation for 20 min at 13,000 rpm. One hundred micrograms of protein per lane was separated by electrophoresis by 6% polyacrylamide-SDS gels and then transferred to poly(vinylidene difluoride) membranes. Five percent nonfat dry milk in Trisbuffered saline containing 0.05% Tween 20 was used for blocking. mPER2 rat antibody was generously provided by Steven Reppert (University of Massachusetts Medical School, Worcester). Immunoreactive bands were visualized by using anti-rat IgG secondary antisera (Jackson ImmunoResearch) and Western blotting lumonol reagent (Santa Cruz Biotechnology).
Animals. Mice were bred from mPer2
Luc heterozygotes from (129SvEv ϫ C57BL͞6J)F 1 parents at Northwestern University. F 2 animals were raised in a 12-h light͞12-h dark cycle (LD12:12) from birth. After weaning, animals were group-housed (one to five mice per cage), and at 8-12 weeks of age they were transferred into individual cages equipped with running wheels in LD12:12. After a minimum of 7 days entrainment to LD12:12, animals were transferred into constant darkness (DD) for 3 weeks. Mice were again transferred to LD12:12 for 3 weeks, followed by another 3-week DD exposure. Six-hour light pulses (fluorescent light, Ϸ300 lux) were given at circadian time 16 (4 h after activity onset) on day 21 during the second DD exposure. Animals were then returned to DD for 2 weeks. For bioluminescence monitoring, animals were transferred to the University of Virginia and maintained on light cycles as described above for at least 2 weeks before experiments. All animal studies were conducted in accordance with the regulations of the Committee on Animal Care and Use at Northwestern University and the University of Virginia.
Circadian Activity Analysis. Wheel-running activity was recorded and analyzed as described (19) (20) (21) . Activity data were recorded continuously by a PC system (Chronobiology Kit, Stanford Software Systems, Santa Cruz, CA) and displayed and analyzed by using CLOCKLAB software (Actimetrics, Evanston, IL). The free-running period was calculated (days 1-20 in DD) by using a 2 periodogram (22) with 6-min resolution between 10 and 36 h (CLOCKLAB). The magnitude of phase shifts was determined by measuring the phase difference, based on the activity onset as a phase reference point, between eye-fitted regression lines between three and seven consecutive activity-onset times immediately before the light pulse, and at least seven consecutive activity-onset times after the light pulse (excluding the four cycles immediately after the pulse). The amplitude of the circadian component was estimated from a normalized Fourier spectrum by using 20 days in DD (CLOCKLAB). Original data were collected at 1-min intervals. To prepare the power spectra, data points were first binned into 6-min intervals, for a total of 3,600 bins for the 20-day period to be analyzed. A fourth-order Blackman-Harris window was then applied to these points before calculating the power spectrum by using fast Fourier transform as described (23). The spectrum was normalized to an integral of one by dividing each of its elements by the sum of all elements. For each animal the frequency of the spectrum peak is reported, along with the amplitude of the peak, which represents the relative power within a frequency band of 0.0028. The total number of running-wheel revolutions was counted from days 1 to 20 in DD and then averaged to determine the daily activity level. SCN Lesions. SCN lesions were performed on 7-to 12-week-old homozygous or heterozygous mPer2 Luc knockin mice maintained on an LD12:12 cycle. Animals were anesthetized with Ketamine (80 g͞g of body mass) and Xylazine (0.4 g͞g of body mass) i.p. and placed in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). The height of the tooth bar was set at 0.0 mm relative to the ear bar. The electrode (RNE-300X, Rhodes Medical Instruments, Woodland, CA) was positioned in the middle of the midsagittal sinus, 0.4 mm anterior to bregma. The electrode position was marked, a small hole was drilled through the skull, and the electrode was slowly lowered vertically to the desired depth of 6.0 mm below the skull. Lesions were made by passing a constant current of 2 mA for 10 s (D.C. Constant Lesion Maker, model D.C. LM5, Grass Instruments, Quincy, MA). After 7-10 days of postsurgical recovery, mice were tested for circadian locomotor activity rhythms. Mice exhibiting arrhythmic locomotor activity in DD were subsequently used for tissue explant studies at 12, 16, and 32 days after DD exposure. Tissue explants were also obtained from intact control animals housed in DD.
Explant Cultures. Approximately 1 h before lights off, mice were anesthetized with CO 2 and decapitated, and their brains were rapidly removed. The pituitary was excised from the brain and immediately placed in cold Hank's balanced salt solution (HBSS, Invitrogen). Coronal sections of the brain (300-m thickness) made with a Vibratome were transferred to cold HBSS. Brain regions were identified under a dissecting microscope and isolated as square tissues Ϸ1.5 mm across with a pair of scalpels. The SCN and retrochiasmatic area were dissected and cultured separately on Millicell culture membranes (PICM ORG 50, Millipore) with 1.2 ml DMEM (Invitrogen), supplemented with 10 mM Hepes (pH 7.2), 2% B27 (Invitrogen), 25 units͞ml penicillin, 25 g͞ml streptomycin, and 0.1 mM luciferin (Promega). Whole pituitaries were flattened and placed on the plate inserts. Peripheral tissue sections (1-mm thickness, liver, lung, and kidney) and whole corneas were cultured as above, but without the Millicell membrane. For SCNlesioned animals, mice were killed in DD by decapitation under Halothane anesthesia with an IR viewer (FJW Optical Systems, Palatine, IL). After removal of both eyeballs, peripheral tissues were removed under red safelights. The cornea, pituitary, liver, lung, and kidney were explanted as described above. Individual tissue cultures were sealed in 35-mm Petri dishes with a coverslip and vacuum grease. Cultures were maintained at 36°C in a lighttight, water-jacketed incubator, and their bioluminescence was continuously monitored with photomultiplier tube (PMT) detector assemblies (HC135-11 MOD, Hamamatsu, Bridgewater, NJ). The PMT was positioned Ϸ1 cm above each culture, and photon counts were integrated over 1-min intervals. Dark counts (nonspecific counts) from the PMTs were Ϸ20 to 40 counts per s at 36°C. Light emission from cultured tissues was measured immediately upon placement in culture without interruption for Ͼ7 days.
Bioluminescence Data Analysis. Period and phase measurements were calculated as in previous studies (8, 24, 25) . Briefly, the original data (1-min bins) were smoothed by an adjacentaveraging method with 2-hr running means. The peak was calculated as the highest point of smoothed data, and the free-running period was computed as the mean between the peaks in each cycle.
Results and Discussion
Gene Targeting of the mPer2 Locus to Create a PER2::LUC Fusion Reporter Mouse. Because null mutations of the mPer2 locus have been shown to affect the circadian phenotype of mice and because circadian rhythms of mPer2 mRNA and protein levels are extremely robust, we chose this gene to create a unique circadian reporter in mouse. We used a knock-in approach in which a firefly Luc gene was fused to the terminal exon of the endogenous mPer2 locus by means of homologous recombination in ES cells to create a fusion protein reporter for two reasons. First, we could preserve both proximal and distal regulatory elements that could have been inadvertently omitted in conventional transgenic constructs. Second, by creating an mPER2::LUC fusion protein, we could follow the dynamical consequences of both transcriptional and posttranscriptional regulation of the mPER2 protein. To this end, we isolated a 6.4-kb EcoRI͞XmaI DNA fragment containing mPer2 exons 19-23 (minus the last 24 aa encoded by exon 23) from a mouse bacterial artificial chromosome genomic library and fused it in-frame to the Luc gene. The resulting 8.1-kb fragment was used as the long arm of our targeting construct (Fig. 1 A) . Presence of the targeted allele was confirmed in two ways: Southern analysis (Fig. 1B) and PCR (Fig. 1C) . Northern analysis revealed equivalent levels of 7.5-and 11.1-kb mPer2 transcripts from WT and homozygous mPer2 Luc mice, respectively, consistent with the expected size of the mPer2 Luc transcript (Fig. 1D) . Western blotting was performed to confirm the expression of the mPER2::LUC fusion protein (Fig. 1E ). Antibody against mPER2 detected both the endogenous mPER2 protein and the mPER2::LUC fusion protein during their peak expression times from WT, heterozygous knockin, and homozygous knockin littermates. Intercrosses between heterozygous (C57BL͞6J ϫ 129S6SvEvTac)F 1 offspring produced WT, heterozygous mPer2 Luc knockin, and homozygous mPer2 Luc knockin F 2 animals at the expected 1:2:1 Mendelian ratios. Mice heterozygous and homozygous for the targeted allele were developmentally and morphologically indistinguishable from WT littermates.
To determine whether the mPER2::LUC fusion protein was functional in vivo, we analyzed the circadian behavior of mPer2 Luc knockin mice. Because a null mutation of the mPer2 locus causes period shortening and a loss of circadian rhythms in DD (26), we specifically tested for these phenotypic effects. There were no differences in the entrainment of mPer2 Luc mice to LD12:12. In DD, four different circadian traits were examined that reflect fundamental properties of circadian pacemakers: free-running period, amplitude of circadian rhythms, daily activity levels, and the magnitude of light-induced phase shifts. As shown in Fig. 2 and Table 1 , no significant differences were detected among WT, heterozygous, or homozygous mPer2 Luc knockin mice in any of the four parameters, demonstrating that the mPER2::LUC fusion protein can completely rescue the function of the WT mPER2 protein with respect to its role in circadian locomotor behavior.
Tissue-Specific Circadian Expression of mPER2::LUC. To monitor circadian dynamics in different tissues, luminescence was continuously measured in real time with PMT detectors. After 
entrainment of mPer2
Luc knockin animals to an LD12:12, SCN, neural, and peripheral tissues were dissected and placed in static cultures containing media supplemented with luciferin substrate, and luminescence was measured for an initial period of Ϸ7 days (Fig. 3A) . As expected, a robust and sustained circadian rhythm of luminescence was found in SCN tissue over the 7-day period, consistent with similar studies using mPer1 promoter fragments to drive Luc expression in transgenic animals (7, 17, 18) . In all such static cultures, there was a gradual damping of the circadian amplitude, which is likely caused by the depletion of both nutrients and luciferin during the 7-day interval because the medium was not changed. In contrast to that seen in mPer1::Luc transgenic animals, however, peripheral tissues in mPer2 Luc mice expressed robust and persistent circadian oscillations in luminescence (Fig. 3A) . Particularly robust circadian oscillations were seen in cornea, liver, pituitary, retrochiasmatic area, lung, and tail.
Using the peak of the circadian oscillation in luminescence during the interval between 12 and 36 h in culture, we constructed phase maps for the SCN and peripheral tissues (Fig.  3B ). Peak PER2::LUC expression occurred at circadian time 12 in the SCN, which is identical to that seen in vivo (13) . All of the peripheral tissues exhibited delayed phase relationships relative to the SCN [ANOVA, F (6,21) ϭ 7.19, P ϭ 0.000285], consistent with that seen at the organismal level (11, 27) . For example, the 4-hr phase delay in mPer2 expression between the SCN and the liver is faithfully reported in mPer2 Luc mice (11, 27, 28) . In addition to the characteristic phases of PER2::LUC expression in each tissue, there were characteristic circadian periods expressed by different tissues (Fig. 3C ). Significant differences in mean period were found from tissue to tissue [ANOVA, F (6,21) ϭ 3.02, P ϭ 0.027; Scheffé's post hoc comparison, P Յ 0.05], with the shortest period occurring in cornea (22.2 h) and the longest occurring in kidney (24.8 h). Interestingly, the period of the SCN (23.5 h) was the same as that seen for the free-running period of locomotor behavior of these animals in DD ( Table 1 ). The phase differences in the different tissues reported above are not correlated with their endogenous period values (R ϭ 0.00223, P ϭ 0.99), so that other factors besides period length, such as entraining signals or responsiveness to entraining signals, must vary in different tissues. Taken together, the unique circadian phase and period values expressed by each tissue suggest that the quantitative properties of the circadian oscillators in each tissue are unique and tissue specific. Perhaps differences in the cellular milieu and͞or the complement of circadian genes expressed in each tissue contribute to the quantitative differences in circadian properties. Moreover, these tissue-specific differences in circadian properties could be a reflection of selective factors on phasing of rhythms in organ systems in a manner analogous to that seen at the organismal level (10, 29) .
Persistent Circadian Oscillations of mPER2 Expression in Peripheral
Tissues for 20 Days. Because our initial 7-day experiments revealed a robust circadian oscillation in Luc activity in SCN and several peripheral tissues, we maintained some of the explants in culture for Ͼ20 days to examine the long-term persistence of oscillations. The cultures were not disturbed in any manner during the experiment (i.e., changing the media or supplementing the cultures with additional luciferin substrate), because such manipulations can reinitiate rhythmicity (7) . Unexpectedly, we observed a persistent, self-sustained oscillation in luminescence from the mPER2::LUC fusion protein in liver and lung tissue for the 20-day recording period (Fig. 4) . Although a reduction in rhythm amplitude was evident after several cycles, there re- mained a discernable circadian rhythm of luminescence in SCN, liver, and lung for the duration of the experiment (note that the amplitude reduction seen is likely caused by the depletion of nutrients and luciferin as described above). Furthermore, the amplitude of the oscillating signals in liver and lung tissues were similar to the signal amplitude observed in SCN tissue.
Lesions of the SCN Do Not Abolish Circadian Rhythms in Peripheral
Tissues. Previous work has reported that lesions of the SCN cause a gradual damping and eventual abolition of circadian rhythms of gene expression in peripheral tissues (14, 15, (30) (31) (32) . To test whether the persistence of PER2::LUC circadian oscillations in peripheral tissues depends on the SCN, we lesioned the SCN in mPer2 Luc knockin mice and measured the subsequent effects of this procedure on mPER2::LUC expression in peripheral tissues. Successful lesioning of the SCN was confirmed by the loss of circadian rhythms of locomotor activity in mice maintained in DD (Fig. 5A) . Peripheral tissues were collected from lesioned animals showing completely arrhythmic locomotor activity rhythms and from SCN-intact, control animals showing normal locomotor activity and placed in static explant cultures. Contrary to previous work, SCN lesions did not abolish circadian rhythms of mPer2 expression in any of the peripheral tissues examined (Fig. 5B) . Indeed, particularly robust rhythms in luminescence were seen for Ͼ7 days in cornea, pituitary, and lung tissues. Additionally, we continued to record Luc activity in liver cultures of intact and SCN-lesioned mice for 14 days without changing the media (Fig. 5C ). The amplitude of the rhythm from SCNlesioned mice was not different compared to intact controls. Upon changing the media on day 14, we observed an increase in amplitude of circadian rhythms of Luc activity in liver cultures both from intact and SCN-lesioned animals. These findings corroborate our previous results suggesting that peripheral tissues contain the molecular components required for SCNindependent, persistent circadian oscillation. Furthermore, the results make it highly unlikely that the persistent peripheral circadian rhythms arose from a residual rhythm-sustaining effect of the SCN because SCN-lesioned animals were maintained in constant conditions for 3-5 weeks before tissue removal.
We next examined the effects of SCN lesions on the phases of the rhythms of peripheral tissues by constructing phase plots as before (Fig. 6A) . In SCN-intact control animals maintained in LD12:12 and DD conditions, the phase PER2::LUC both within and among animals is clustered and consistent with our previous experiments (Fig. 3B) . In SCN-lesioned animals, however, there was a significant dispersion of phase in liver, pituitary, kidney, and lung tissues within and among animals (Fig. 6A Bottom) . We observed a main effect of tissue on time of peak luminescence [ANOVA, F (4,115) ϭ 6.21, P ϭ 0.000147], and a main effect of SCN lesions, with lesioned animals differing significantly both from LD and DD controls [ANOVA, F (2,115) ϭ 22.95, P ϭ 0; Tukey-Kramer post hoc comparison, P Յ0.05]. SCN lesions disrupted phase synchrony even from tissue to tissue within individual animals, which is a form of ''internal desynchronization.'' These results suggest that although the SCN is not required for persistent circadian rhythms of mPER2::LUC bioluminescence in peripheral tissues, it does, however, serve to coordinate phase among the peripheral tissues within individuals. The exception among the peripheral tissues examined was the cornea in which phase coordination was maintained in Long-term persistence circadian rhythms of bioluminescence in peripheral tissues from mPer2 Luc mice. Bioluminescent measurements from cultures of SCN, liver, and lung tissues were recorded for Ͼ20 days without media changes or supplements. The first 10 days (Left) and days 11-20 (Right) of data are displayed. Bioluminescent measurements from static explant cultures of cornea, liver, pituitary, kidney, and lung tissues from SCN-lesioned mPer2 Luc mice maintained in DD. A self-sustained circadian rhythm of bioluminescence in peripheral tissues, equivalent to that observed in nonlesioned mPer2 Luc knockin animals (Fig. 3A) , is evident here in SCN-lesioned mPer2 Luc knockin peripheral tissues. Missing data between days 0.5 and 1.2 in cornea and kidney records were the result of a computer malfunction. (C) Circadian oscillation of liver explants from intact control (DD) and SCN-lesioned mice. After 14 days of culture, media were replaced and circadian oscillation was reinitiated in liver explants from both intact and SCN-lesioned mice.
SCN-lesioned mice. Because the cornea is within the eye and may have access to photic entrainment from the retina, this tissue could have been entrained by light. The eye is unique in the mammalian circadian system as the only tissue that can be entrained by light independently from the SCN (6, 33) .
In contrast to the phase differences observed in SCN-lesioned mice, circadian period values for each tissue were not affected by SCN lesions, and the tissue-specific period differences observed in normal mice were preserved in SCN-lesioned mice [main effect for tissue, ANOVA, F (4,113) ϭ 10.96, P ϭ 0; TukeyKramer post hoc comparison, P Յ0.05] (Fig. 6B) . Thus, although the phase relationships of the tissues within and between animals were disrupted in SCN-lesioned animals, each tissue maintained a characteristic period, suggesting that the phase desynchrony was not caused by SCN lesion-induced period changes.
To illustrate the phase desynchrony in more detail, we highlight two tissues, pituitary and lung, which have particularly clear circadian rhythms of PER2::LUC expression (Fig. 6C) . From composite records showing individual records superimposed, it is clear that among the control animals in both LD and DD conditions, phase coordination is maintained as seen by the coherence among records from individual animals. The records from the tissues of the SCN-lesioned animals, on the other hand, are strikingly different. There is an obvious asynchrony of phase from record to record both in pituitary and lung among SCN-lesioned mice. Taking the ensemble average of the desynchronized rhythms leads to an apparent reduction in amplitude and loss of rhythm across the group of SCN-lesioned animals. Thus, population sampling experiments of SCN-lesioned mice would be expected to have reduced amplitude as a consequence of desynchrony rather than loss of rhythmicity at the level of individual animals͞tissues.
Is the SCN a Master Synchronizer, Rather than a Driver, of Peripheral
Circadian Oscillators? The mammalian circadian system is thought to be composed of a hierarchical set of oscillators with the SCN acting as a master pacemaker that drives downstream peripheral oscillators (34) (35) (36) (37) (38) . Current dogma holds that the SCN contains selfsustained circadian oscillators and that peripheral oscillators contain damped oscillators (4, 7, 10, (37) (38) (39) (40) . Using mPer1::Luc transgenic animals, previous studies have shown that, whereas ex vivo cultures of SCN tissue continue to express a self-sustained circadian rhythm of bioluminescence for Ͼ30 days, rhythms in peripheral tissues rapidly damp after two to seven cycles (7). The mPer1::Luc transgenic results support the view that the SCN represents the master mammalian circadian pacemaker that is able to both generate its own self-sustained circadian rhythms and sustain circadian rhythmicity in damped peripheral oscillators (7) . By contrast, using a PER2::LUC fusion protein reporter, we show here that both the SCN and peripheral tissues from mPer2 Luc knockin mice express long-term persistent circadian rhythms of bioluminescence. Furthermore, we show that individual tissues isolated in culture exhibit unique circadian period and phase properties, suggesting that the quantitative characteristics of circadian oscillators are tissue specific. Finally, our results from the mPer2 Luc knockin mice suggest that peripheral tissues contain persistent circadian oscillators that do not depend on the SCN. It could be argued that our findings represent after-effects of peripheral tissue exposure to SCN output in vivo just before PMT testing. To test this possibility directly, we lesioned the SCN of mPer2 Luc knockin mice, allowed the animals to recover in DD for several weeks, and measured circadian bioluminescence from ex vivo cultures from several peripheral organs. We reasoned that should the SCN be required to sustain circadian rhythmicity in the peripheral tissues, lesioning this structure followed by several weeks of recovery in constant conditions before removal of tissues, would reveal damped or absent circadian oscillations upon PMT analysis of cultured peripheral tissues. After ablation of the SCN, others have reported a complete loss of rhythmic clock gene expression or a significant damping of clock gene expression (14, 15, 30, 31) . Remarkably, in all tissues examined we again observed persistent, circadian oscillations of mPER2::LUC fusion protein in SCNlesioned mice for Ͼ7 days, confirming our previous findings. After analyzing circadian phase in SCN-lesioned animals and intact controls, we identified a significant effect of lesioning: a striking asynchrony of phase occurred in peripheral tissues within and among animals. Our findings specify the role of the SCN as a phase coordinator, preventing internal desynchronization among persistently rhythmic peripheral clocks with tissue-specific periods, rather than as a pacemaker driving peripheral oscillations.
At first glance, our results raise several questions. First, why were self-sustained peripheral oscillators not revealed by mPer1::Luc and mPer1::GFP transgenic studies (7, 8, 16, 17, 24, 25) ? The most likely explanations concern the promoter fragments used to construct the mPer1-reporter transgenic lines. First, it is possible that the mPer1 promoter fragments used lacked necessary enhancer elements for persistent circadian oscillations in peripheral tissues. Second, the robust circadian rhythms that we observe in peripheral tissues of the mPer2 Luc knockin animals and the lack of persistent rhythmicity in the same tissues of mPer1::Luc transgenic mice may relate to differences in fusion protein reporters as opposed to RNA reporters, respectively. That is, posttranscriptional regulation in the mPer2 Luc knockin animals may be necessary to produce the observed self-sustained circadian rhythms in peripheral tissues. In the mPer1::Luc mice posttranscriptional regulation would not be apparent because the mPer1 promoter fragment simply drives the expression of Luc as opposed to an mPER1::LUC fusion protein. Third, as in all transgenic studies, the possibility of position effects must be taken into consideration, as transgenes are subject to random integration. This idea is less likely to pertain in the present case, however, given that several independent laboratories have generated mPer1-reporter transgenic animals and report similar results. Finally, it is possible that mPer1 and mPer2 are regulated differently in peripheral tissues. Under conditions of ex vivo culture, it is possible that the mPer1 locus is more susceptible to damping than the mPer2 locus.
A second important question raised by the results presented here is why other studies did not demonstrate robust circadian oscillations in peripheral tissues after SCN lesions. We believe that this may in part relate to the fact that in some of those studies population sampling of RNA obtained from peripheral tissues of several SCN-lesioned animals at different time points was used to assay circadian rhythmicity. With our method, it is possible to examine tissue explants from several organs from the same animal, continuously in real time. Thus, we obtain data for each animal and each tissue continuously over many cycles. From the plots of our raw bioluminescence data and analyses of phase, both of which reveal a clear desynchronization of phase from tissue to tissue within and among SCN-lesioned animals ( Fig. 6 A and C) , it is apparent that, had we taken tissues from groups of animals at each of several time points and averaged the data there would have been apparent damping of rhythmicity.
A critical issue that remains to be resolved, however, is whether circadian rhythms in SCN-lesioned mice persist in vivo. Because our ex vivo experiments cannot be assumed to reflect the in vivo state of the tissue, this question remains open. The phase dispersion of circadian rhythms seen in SCN-lesioned mice, however, suggests that peripheral organs are likely to be ''free-running'' in the absence of the SCN, and that the phase dispersion seen ex vivo is a reflection of the in vivo phase. If, on the other hand, the ex vivo phase of the rhythm was initiated by the time of explant, one would expect all of the cultures to have similar clustered phases as was seen in the intact LD and DD control mice. Because the phases in SCN-lesioned mice were dispersed, logically the only other explanation would be that the explant procedure differentially affects SCN-lesioned vs. control tissue phases.
In future work, it will be important to develop methods to measure peripheral circadian rhythms longitudinally in individual mice because as discussed above SCN lesion-induced phase desynchrony of peripheral rhythms can compromise the interpretation of typical circadian population sampling experiments. Only under these conditions will it be possible to determine definitively whether the ex vivo results reported here are an accurate reflection of the situation in vivo.
On the Significance of Persistent Peripheral Circadian Oscillators. The discovery by Schibler and colleagues (9) that a serum shock can induce circadian rhythms of gene expression in Rat-1 fibroblasts, an immortalized cell line cultured for years in the absence of SCN contact, was remarkable and heralded a new era. In a commentary accompanying that paper, Rosbash (41) suggested the provocative idea that Rat-1 fibroblasts should replace the SCN as a model system for studying circadian mechanisms. Until now, Rosbash's assertion has been discounted because the SCN was considered to be qualitatively different and therefore superior to any other tissue. The persistence of circadian oscillations in peripheral tissues reported here is significant for at least two major reasons. First, the supremacy of SCN tissue as the only persistent circadian oscillator no longer holds. Importantly, this means that mechanistic insight gleaned from experimentally tractable cells and tissues such as hepatocytes and cell lines will likely apply generally to all circadian oscillators. Second, the existence of circadian oscillations in tissues that persist for Ͼ20 cycles demands that synchronization mechanisms must exist in these peripheral tissues to maintain coherent oscillations. Because persistent circadian oscillations were observed in a wide variety of tissues and organs, it appears likely that cell-and organ-specific synchronization mechanisms must exist. For example, in organs such as the lung, liver, and kidney, what signaling mechanisms might be used to maintain synchrony within each tissue?
In summary, our results demonstrate that individual peripheral tissues contain circadian oscillators capable of persistent rhythmicity for up to 20 days independent of SCN input. Under ex vivo culture conditions, unique circadian phase and period properties of individual tissues from different organs are revealed. In vivo then, the SCN function more to coordinate the appropriate phase relationships among peripheral tissues than to drive the circadian rhythms in cells of those tissues. Using the mPer2 Luc reporter animals described here, it should be possible to develop methods to study the circadian properties of peripheral tissues at the level of single cells and define further the role of the SCN in relation to peripheral clocks.
